Abstract Early life stress (ELS) is a common risk factor for psychopathology, but there are few functional neuroimaging studies investigating its effects. In this preliminary study, we investigated the correlates of ELS exposure on the default network (DN) through measurements of task-associated DN deactivation. Data were analyzed from 19 subjects without psychiatric illness (10 with ELS). Subjects performed the working memory (WM) N-back task (including a 2-back WM and 0-back control condition) while undergoing functional MRI. We compared brain responses in the two groups across 5 bilateral DN regions using an a priori region of interest (ROI) analysis. The ELS group demonstrated significantly greater DN deactivation, observed in the right posterior cingulate cortex PCC, bilateral medial prefrontal cortex, left middle/superior frontal gyrus and right middle temporal region. These preliminary results indicate subjects with ELS demonstrate greater DN deactivations to WM challenges compared to non-ELS controls, potentially reflecting a biomarker of long-term effects of ELS exposure.
familial trauma, non-familial trauma, and no trauma exposure, with results indicating impaired WM performance in those with familial trauma (DePrince et al. 2009 ). Similar results have been found in WM studies of adults who experienced childhood abuse. Another study investigated reaction time and accuracy on a spatial WM task in a group of healthy adults with previous ELS exposure. The authors found that childhood exposure to emotional abuse and physical neglect was significantly associated with errors on the spatial WM task (Majer et al. 2010) . Furthermore, the authors found that WM performance was more impaired with increased ELS exposure. While very few studies have utilized neuroimaging to evaluate WM in individuals with a history of ELS, in one study, whole-brain activation was compared during a visual and verbal memory task in a group of 23 adult males, ten of whom had experienced severe physical abuse during childhood. Participants with severe physical abuse were found to have reduced right hemisphere activation during the task (Raine et al. 2001) . Decreased activation was found in the dorsolateral prefrontal cortex, anterior prefrontal cortex, inferior prefrontal gyrus, lateral temporal cortex, occipital cortex, and superior temporal gyrus. These findings support the notion that highly stressful experiences may result in changes in brain function that can be observed during WM tasks.
Working memory and the default network
One way to evaluate WM-related brain functions is through task-related deactivations of the default network (DN). The DN is a network of brain regions that includes the posterior cingulate cortex (PCC), medial prefrontal cortex (MPFC), middle frontal regions, lateral parietal and medial temporal regions, and is thought to be involved in introspection and background processing (Andrews-Hanna et al. 2010; Fox et al. 2005; Raichle et al. 2001; Sheline et al. 2009; Sweet et al. 2008) . One of the principal features of this network is its deactivation during cognitive challenges, relative to resting baseline. Moreover, as the difficulty of the challenge increases, DN deactivation (also called DN suppression) increases (Fransson 2006; Fransson and Marrelec 2008; McKiernan et al. 2003; Sweet et al. 2008 ).
Working memory, early life stress and the default network To date, there have been few investigations of ELS on WM within the context of the DN. Most of the available WM literature has focused on PTSD, which has demonstrated impaired or inefficient WM in PTSD samples. In two studies, participants with severe PTSD and co-morbid depression demonstrated impaired WM compared to healthy controls (Moores et al. 2008; Shaw et al. 2009 ). Utilizing visual and verbal WM tasks, these studies found that PTSD subjects were inefficiently allocating cognitive resources to perform these challenges. In both studies, DN regions were consistently involved in their results, indicating a possible relationship between the DN, WM and past stress exposure. In a subsequent study, the effect of PTSD on the DN during WM tasks was examined, using connectivity data from the previously discussed Moores and Shaw experiments. The authors found that, compared to healthy controls, PTSD participants did not have the expected decrease in DN connectivity during WM tasks, nor the expected increased connectivity within executive networks (Daniels et al. 2010) . Although this study did not evaluate changes in regional DN activity, their results could have been driven by a series of highly coordinated deactivations. This study of connectivity, supported a relationship between the DN and stress-related conditions, and suggested that further studies to describe WM-associated changes in brain activity are needed.
Objectives
Since there are no previous studies investigating activity patterns of the DN during WM tasks in this population, we sought to explore this topic in this pilot study. We hypothesized that the prior findings of altered connectivity patterns in trauma-exposed populations were driven by changes in regional DN activity. As such, we hypothesized that ELSexposed individuals would demonstrate greater DN deactivation during WM tasks, compared to non-exposed individuals, perhaps reflecting a re-allocation of cognitive resources to perform WM tasks.
To our knowledge, there have been no studies investigating differential DN response to WM challenges during functional magnetic resonance imaging (fMRI) based on ELS exposure. In order to isolate the effects of ELS exposure and eliminate confounding effects of medications and associated psychiatric morbidity, we studied healthy participants with no psychiatric or significant medical illness. We hypothesized that ELS subjects would exhibit greater DN deactivation during WM challenges, compared to controls.
Materials and methods

Participants
Twenty-one healthy subjects were identified from the control sample of a larger neuroimaging study of nicotine dependence and WM (Sweet et al. 2010a, b) . All participants were nonsmokers and without psychiatric or significant medical illness. The Early Life Stress Questionnaire (ELSQ) self-report was used to quantify ELS events occurring prior to the age of 18 years. The ELSQ is based upon the Child Abuse and Trauma scale (Sanders and Becker-Lausen 1995) and includes 19 adverse childhood events shown to be traumatic or stressful, such as physical and sexual abuse, deaths in the family, divorce, etc. ELS exposure was dichotomized using a median split into low (0-3 adverse childhood events) vs. high (≥ 4), which we operationally defined as non-ELS and ELS groups, respectively. All participants provided written, informed consent consistent with the Helsinki Declaration.
Working memory paradigm
The N-back task was administered to participants during functional imaging runs to challenge the WM system. This task has been widely used in fMRI research (Owen et al. 2005) and generates reliable deactivation of the DN (Bluhm et al. 2011; Newton et al. 2011; Sweet et al. 2008) . In this block design study, the N-back task consisted of two sixminute imaging runs, and each run included three cycles of baseline (i.e., three 30 s of crosshair fixation) followed by the 0-back control task of sustained attention and 2-back WM task (Fig. 1a + b) (Chen et al. 2012; Owen et al. 2005; Sweet et al. 2010b; Sweet et al. 2008) .
During the 2-back blocks, six 45-second series of 15 consonants were visually presented for 500 ms each, with an inter-stimulus interval of 2,500 ms. Participants were asked to indicate whether the displayed consonant was the same as the consonant presented two previously. Subjects then made a yes or no decision using a response box held in their dominant hand. The six 27-second 0-back control blocks consisted of 9 consonants that were presented and subjects were instructed to respond in the same fashion. Every consonant list in both N-back blocks contained 33 % targets (i.e., correct "yes" responses), and used randomized capitalization to limit visual matching. Runs in which participants performed at less than 60 % accuracy during the 2-back were excluded from subsequent data analysis.
Image acquisition Whole brain echoplanar blood-oxygen-dependent (BOLD) fMRI images were acquired using a Siemens (Erlangen, Germany) TIM TRIO 3 Tesla scanner (TR02,500 mg, TE028 ms, FOV0192 2 mm, and matrix size 64 2 in 3-mm axial slices). This sequence yielded 147 whole brain volumes for each of the two six-minute functional imaging runs, with spatial resolution of 3 mm 3 per voxel. Whole brain high-resolution (1 mm 3 ) T1 images were acquired prior to other scans for anatomic reference.
Preprocessing and individual dataset analyses
All fMRI dataset processing and statistical analyses were conducted using the Analysis of Functional NeuroImages (AFNI) software (Cox 1996) . After the raw data were reconstructed into 3D + time datasets, they were concatenated and registered to the fifth volume of the first series to minimize movement artifact. This procedure yielded movement correction parameters for subsequent use as covariates in voxelbased general linear model (GLM) analyses. A band pass filter (0.009-0.08 Hz) was applied, and voxel-based GLM was used to quantify task-specific activity in each brain voxel of the individual datasets. Independent variables in the GLM were the temporal course of the 0-and 2-back task presentations (including hemodynamic transitions modeled as a gamma function) and covariates (linear drift and observed movement), with the BOLD signal over time as the dependent variable. Resulting individual activation maps reflecting the unique activity of 0-and 2-back compared to resting baseline were co-registered to the high-resolution T1 anatomic images and transformed into standard stereotaxic space (Talairach and Tournoux 1988) . Resulting beta weights from individual level datasets of brain response to 0-and 2-back (versus baseline) served as the basic measure of brain activity in group-level statistical analyses.
Regions of interest and analyses
A region of interest (ROI) approach was used to examine the effects of ELS. Separate 0-and 2-back response was averaged in each ROI of each individual for use as the dependent measure for group contrasts. A priori ROIs were defined using seed region functional connectivity analyses of a separate sample of 25 healthy adults during a 4-min resting state (Sweet et al. 2010a ). Sweet and colleagues identified DN ROIs by conducting the following analyses, described here in brief. Mean BOLD signal over time was extracted from a 5-mm radius within the PCC (Greicius et al. 2003) and individual correlation maps reflecting the strength of association between the time course of the PCC region and the time course from all other brain voxels were computed a Preceded by 30 s rest block using a voxel-wise multiple regression (Philip et al. 2012; Sweet et al. 2010a ). The results revealed 5 bilateral ROIs, including bilateral MPFC, middle/superior frontal gyrus (MFG), PCC, lateral parietal (LP) and medial temporal regions (MTR) (Fig. 2a+b) . These ROIs were consistent with regions identified in prior DN literature (Broyd et al. 2009; Buckner et al. 2008) . Hence, in the present study, mean BOLD responses within each of these a priori ROIs were extracted to examine the relationship between ELS and DN activity during the N-back in the current sample. Advantages of this ROI analysis include the use of validated spatial extents to test our hypothesis, and avoidance of Type I errors associated with multiple comparisons (Smith et al. 2010) .
To evaluate the validity of our a priori ROI selections in the current sample, we performed a whole-brain voxel-wise analysis in AFNI that showed task-associated activations in expected fronto-parietal and other WM regions (Owen et al. 2005) , and task-associated deactivations in DN regions (uncorrected p<0.005). Furthermore, to determine whether our a priori DN regions exhibited significant responses (i.e., changes in BOLD signal) during the N-back task, all regions were initially evaluated using a one-sample t-test conducted in SPSS Statistics 19 (IBM Corporation, Armonk, New York), with the null hypothesis that activity within each ROI would not significantly differ from zero (i.e., no difference compared to baseline). DN regions that did not differ significantly from zero during either the 0-or 2-back were excluded from subsequent analyses.
To test our hypotheses about differences between ELS groups, we conducted a repeated measures analysis of variance (ANOVA) for each ROI, with N-back level (i.e., 0-and 2-back) as the repeated measure and ELS group as a fixed factor. Results from this ANOVA were corrected for multiple comparisons using established methods to control the false discovery rate (FDR) (Benjamini and Hochberg 1995) . This was followed by planned independent samples t-tests, used to examine group differences in task-related activity. The significance level for these contrasts was set at a p<0.05. Task-associated accuracy and response time were compared between groups using independent samples t-tests. SPSS was used for all statistical hypothesis testing.
Results
Two subjects were excluded from analysis due to performance (< 60 % accuracy) on the N-back task, resulting in a final sample size of 19, which included 10 subjects with ELS and 9 without ELS. Demographic, ELS, and performance data are presented in Table 1 . Groups did not significantly differ in age, gender distribution or ethnicity. There was no significant difference between groups in accuracy or response time during the N-back. Mean number of adverse childhood events was 5 (median 0 4), and the ELS group reported significantly more ELS exposure than the non-ELS group. Over one third of ELS participants reported witnessing abuse or being physically threatened by adults in the home, and one quarter of this group reported more serious exposure such as childhood parental loss, physical abuse or sexual abuse. One sample t-tests indicated no changes from baseline activity in bilateral LP regions, and these regions were excluded from further analysis, leaving 4 remaining bilateral ROIs (Table 2) . Results from repeated measures ANOVA are shown in Table 3 . After correction for multiple comparisons, there was a significant main effect of ELS on DN deactivations in the right PCC, bilateral MPFC, left MFG and right MTR. There were significant main effects of the N-back in the right PCC and left MTR; this effect did not survive multiple comparison correction. There were no statistically significant interactions between task difficulty and ELS, although trend level effects were observed for interactions in the right PCC (p00.06).
To further evaluate the main effect of ELS, planned independent samples t-tests were conducted for the 0-and 2-back conditions; results are presented in Table 3 and depicted in Figs. 3 and 4 . During the control condition, ELS participants demonstrated significantly greater DN deactivation in the right PCC, bilateral MPFC, left MFG and right MTR. During the 2-back WM task there was significant deactivation in the ELS group, compared to controls, in the right PCC, bilateral MPFC, left MFG and right MTR.
In summary, there was greater task-associated DN deactivations in ELS-exposed participants compared to those without ELS exposure. This difference was observed during both the 0-back control and 2-back WM conditions, and included prominent involvement of the MPFC.
Discussion
We observed greater deactivation of the DN during a WM challenge in adults with a self-reported history of ELS compared to those in the non-ELS group. This suggests that ELS is associated with greater suppression of baseline DN processes during WM. These results are similar to previous studies examining changes in DN activity during WM tasks (Fransson 2006; Fransson and Marrelec 2008; McKiernan et al. 2003; Sweet et al. 2008) . Most DN regions demonstrated greater deactivation during WM tasks in the ELS group, compared to non-exposed controls. The pattern of this response indicates robust involvement of bilateral MPFC regardless of difficulty level. ELS-related volume reductions have been observed previously in the MPFC (Cohen et al. 2006) , and this region is consistently implicated in the PTSD imaging literature as a component of the stress-induced fear circuitry loop, encompassing the MPFC, hippocampus and amygdala (Bryant et al. 2008; Shin and Handwerger 2009) . MPFC and hippocampal activation are required for extinction of fear conditioning in healthy individuals (Milad et al. 2007) , whereas in PTSD subjects, hypo-activation of the MPFC has been reported (Rougemont-Bucking et al. 2011) . Interestingly, restoring MPFC activity has been associated with improvement in clinical symptomatology. In recently traumatized police officers receiving exposure psychotherapy, increased MPFC activity was associated with decreased amygdala activity during traumatic memory retrieval (Peres et al. 2011) , lending support to the hypothesis that abnormal MPFC activity (e.g., inadequate MPFC inhibition of amygdala activity) may contribute to the clinical symptoms of PTSD (Koenigs and Grafman 2009) . Our findings indicate that even in subjects without current psychopathology, individuals with ELS exposure demonstrate reduced MPFC activity. Taken in context, our results raise the possibility that reduced MPFC activity evaluated during WM tasks could serve as a neural marker of risk for developing psychological abnormalities in later life. Prospective studies evaluating changes in brain activity within DN regions in at-risk samples are needed to evaluate this hypothesis.
An alternate explanation to our results is that they reflect a neuroimaging correlate of resilience. DN deactivation was first identified from regions that deactivated during working memory tasks (Raichle et al. 2001) , which has been traditionally understood as a compensatory re-allocation of cognitive resources (Fransson 2006) . Considered in that context, the increased deactivation observed in the study Fig. 3 Effect of ELS on 0-back associated activity. Legend: Light-gray bars indicate the non-ELS group, and dark-gray bars indicate the ELS group. Y-axis indicates beta weight, as an estimation of percent signal change. Error bars indicate standard error of the mean. X-axis indicates default network regions of interest. * p00.05, ** p<0.01, corrected for multiple comparisons; ELS early life stress, PCC posterior cingulate cortex, MPFC medial prefrontal cortex, MFG middle/superior frontal gyrus, MTR middle temporal region Fig. 4 Effect of ELS on 2-back associated activity. Legend: Light-grey bars indicate the non-ELS group, and dark-gray bars indicate the ELS group. Y-axis indicates beta weight, as an estimation of percent signal change. Error bars indicate standard error of the mean. X-axis indicates default network regions of interest. * p<0.05, ** p<0.01; ELS early life stress, PCC posterior cingulate cortex, MPFC medial prefrontal cortex, MFG middle/superior frontal gyrus, MTR middle temporal region may reflect an adaptive response to the WM challenge. This is further supported in these results by the lack of differences in performance (i.e., response time and accuracy) between the two groups, indicating successful function of compensatory mechanisms.
Interestingly, participants with ELS demonstrated significant deactivation during the 0-back condition. One interpretation of this finding is that maintaining sustained attention during the 0-back results in attenuation of the DN in this population of otherwise healthy adults, which perhaps reflects greater cognitive effort being exerted by this group. If replicated, this raises important issues of experimental design, as the 0-back task is often used as a control condition.
It is possible that our results reflect an interaction between childhood ELS and the acute stress of performing a cognitive challenge. Previous research indicates that cognitive challenges can be experienced as stressors (Pruessner et al. 2010; Qin et al. 2009 ). This interpretation would suggest that performing cognitive challenges within an MRI scanner might be akin to a psychiatric "stress test," in which participants can appear to be "normal" until challenged. This approach has been suggested as a possible method to evaluate and predict treatment response to antidepressant pharmacology (Salvadore et al. 2009 (Salvadore et al. , 2010 . Under these circumstances, the N-back task might be considered a form of acute stress, which, for the ELS group, resulted in diminished MPFC activity that might be associated with reduced stress-tolerance, despite the fact that these individuals were psychologically healthy and denied any symptoms of clinical psychopathology. These findings give further support to the hypothesis that ELS is associated with latent neural abnormalities that may increase the risk of developing psychiatric illness secondary to stressful life events.
We did not find statistically significant group differences in behavioral performance, in contrast with group differences in BOLD response. This is consistent with previous findings indicating little difference in response time and accuracy during WM in PTSD vs. healthy control participants (Moores et al. 2008) , and suggests that BOLD signal change may be a more sensitive measure of cognitive effort than are behavioral data.
Limitations and conclusions
Our study had several limitations. The sample size was small; however, we sought to increase our power by employing an ROI analysis, and despite our sample size we found significant effects. Another limitation was the retrospective quantification of ELS. The ELSQ is a selfreport scale which focuses on abuse and neglect during early developing years (Sanders and Becker-Lausen 1995) . With any self-report measure, it is difficult to assess both the veracity and the intensity of ELS retrospectively, although this problem is not limited to our study. Retrospective reporting of ELS may be subject to recall bias, although false negatives are more common than false positives (Hardt and Rutter 2004) . Such a bias could lead to misclassification of some individuals in the control group and therefore group differences associated with ELS would be more difficult to detect. Thus, our results might underestimate the differences between individuals with and without a history of ELS. Since ELS is under-reported, and because we used a median split to group subjects, it is reasonable to assume that there was some low-level ELS exposure in the non-ELS group. However, since subjects had no psychiatric disorders that might act as a proxy for severe, undetected ELS, we could be reasonably confident in the ELS grouping. Future studies would benefit from utilization of more detailed ELS assessment and prospective data.
Another limitation involves the issue of relative baselines inherent in fMRI research. Although the ELS group clearly exhibited a greater decline from baseline in DN activity compared to controls, it is not certain whether this reflects attenuation from expected levels or attenuation of a potentially over-active DN at rest. The former suggests a compensatory mechanism engaged to successfully perform a cognitive task, while the latter suggests a trait maker that is not necessarily related to the cognitive challenge. Future studies designed to quantify absolute measures of activity during the resting state are needed to address this issue (e.g., perfusion imaging or positron emission tomography). Additionally, although we found a main effect of N-back difficulty, this did not survive multiple comparison correction, and planned contrasts found little DN deactivation in the non-ELS group. This suggests that N-back associated DN deactivation was driven by the changes in the ELS group. Further studies are needed to confirm this finding.
In summary, we found that subjects with ELS, but without psychiatric illness, displayed significantly greater taskdependent DN deactivation during WM tasks. These results have several important implications. They suggest that functional imaging may be used to detect latent neurodevelopmental effects of ELS exposure in adults, facilitating a better understanding of the pathophysiology and treatment of ELS-related conditions such as major depression and PTSD. This is an emerging area of research, as preliminary data suggest that the DN may have a role in predicting who will develop PTSD in the future (Lanius et al. 2010) . Finally, our results raise important design considerations for future studies. We recruited from a sample of healthy controls, yet demonstrated significant differences within this group when stratifying for ELS. We found that ELS can influence regional brain response even in the 0-back, a test of sustained attention which is often used as a control task during WM paradigms. Since ELS is highly prevalent and under-reported, these findings highlight the importance of careful ELS screening in future functional neuroimaging studies.
